In the design of sulfate reducing bacteria (SRB) bioreactors to remove metal ions from acid mine drainage, the tolerance of bacteria to metal ions is an important factor. The present study investigated the effects of Mn 2þ concentration on the growth and Mn removal activity of SRB in mediums containing 100$600 gÁm À3 Mn 2þ . The Mn 2þ adsorbed on SRB cells and weakened the ability of bacterial sulfate reduction. However, the suppressive effect of Mn 2þ on SRB growth can be disregarded, and 200 gÁm À3 of Mn 2þ in solution was removed, satisfying the requirement of the maximum contaminant level (MCL) of environmental water quality in Japan.
Introduction
Sulfate reducing bacteria (SRB) are useful to treat acid mine drainage (AMD) due to their ability to reduce sulfate to sulfide, which binds readily with most heavy metal ions to form metal sulfide precipitates. [1] [2] [3] [4] [5] [6] It has been reported that the following conditions are required for SRB growth: neutral pH, an electron donor and a carbon source, and anoxic conditions. [7] [8] [9] [10] [11] The toxicity of heavy metal ions to SRB is also an important factor which must be considered in designing AMD treatment systems using SRB.
The effects of heavy metal ion concentrations on SRB have been investigated by several researchers 4, [12] [13] [14] [15] The presence of heavy metal ions in a medium for SRB adversely affects bacterial sulfate reduction, 12) and Hammack and Dijkman have designed a SRB reactor where the SRB cells do not contact with the heavy metal ions. 4) In AMD, Mn has commonly been detected, 2, [16] [17] [18] and 100-200 gÁm À3 of Mn in AMD was reported in Hokkaido, Japan. 17, 19) Manganese causes the water to have a foul blackbrownish color and an unpleasant taste, and it is linked to diseases of the nervous system. 20, 21) As Mn is poorly removed in SRB bioreactors, 6, 22, 23) we have investigated the conditions for Mn removal by SRB, and it was found that co-existence of other heavy metal ions and citrate (a component of the SRB medium) suppresses the Mn removal. 24, 25) However, the effect of the Mn concentration on SRB has not been sufficiently investigated.
The present study investigated the effect of the Mn 2þ concentration on SRB growth, and the effect of Mn 2þ was compared with those of other metal ions. The conditions for removing high concentrations of Mn 2þ by an SRB bioreactor are discussed based on the experimental results.
Experimental

Bacterial strains and growth conditions
The bacterial strain, Desulfovibrio desulfuricans (ATCC 7757), as SRB (sulfate reducing bacteria), was grown in the modified ATCC 1249 medium ( C under anaerobic conditions. The SRB cell numbers were counted daily with a microscope.
Adsorption experiments of heavy metal ions to SRB
The SRB (ATCC 7757) were cultivated in 1 dm 3 of the modified ATCC 1249 medium at 37 C. When the SRB were active and redox potential (ORP) decreased to À440 mV, 50 cm 3 of the medium was collected to measure dry cell weight, 12) and 950 cm 3 of the medium was used for adsorption experiments.
To deactivate the SRB cells and to remove sulfide, air was introduced into the 950 cm 3 of the medium. The gas injection was terminated when ORP had increased and become constant. The SRB cells were collected by centrifugation at 12500 rpm for 12 min at 5 C. The supernatant was discarded, and the collected SRB cells were rinsed twice with deionized water. Finally, the cells were suspended in deionized water at pH 5, and the suspension was stored at 4 C for 1 day to obtain a stable biomass solution. C, the cell suspension was filtered with a membrane filter (pore size, 0.2 mm), and the metal concentrations in the filtrate were measured with a SEIKO SPS 7800 inductively coupled plasma atomic emission spectroscope (ICP-AES). The adsorbed amount of metal ions to the SRB was calculated from the difference between the initial and final concentrations of metal ions.
Mn removal with the SRB bioreactor
A SRB bioreactor with a 1 dm 3 working volume was adopted and details are explained in the previous paper. 24) The ORP and pH electrodes, N 2 sparger and a gas outlet tube to maintain anaerobic conditions, a solution sampling tube, thermo-controller, and magnetic stirring system were installed in the bioreactor. All components were autoclaved at 121 C for 20 min before the introduction of SRB. The mediums used were prepared with MnSO 4 Á5H 2 O and the modified ATCC 1249 medium without sodium citrate; the initial Mn 2þ concentrations were 100, 200, 300, and 600 gÁm À3 . After adjusting pH, the mediums were autoclaved at 121 C, and then 2 Â 10 8 cells of SRB were introduced into the 1 dm 3 solution. The Mn removal experiments were carried out under the following operating conditions: N 2 gas flow rate, 0.2 dm 3 Ámin À1 ; stirring, 200 rpm; and temperature, 37 C. The nitrogen gas was introduced only during sampling. The solutions were sampled through the sampling tube and were filtered using a membrane filter (pore size, 0.2 mm), then the Mn and sulfate concentrations were analyzed by ICP-AES and a SHIMADZU ion chromatograph (IC) using an IC shimpack A3.
After terminating the operation of the bioreactor, the precipitate in the reactor was collected by filtration using a membrane filter (pore size, 0.2 mm), and dried overnight at 55 C. The dried precipitate was ground in a mortar, and then characterized using a JEOL JSX-3210A energy diffusive type X-ray fluorescence analyzer (Japan) and a JEOL JDX-3500 X-ray diffractometer (Japan). The X-ray diffraction (XRD) data were collected with a monochromator under the following conditions: radiation, Cu K, 30 kV, 200 mA; step scanning method; time constant, 0.5 seconds; angle range, 2:5 $ 65 degree/2; and the X-ray fluorescence (XRF) was measured under the following conditions; Rh, 30 kV; current, auto; time, 300 seconds.
Results and Discussion
Tolerance of SRB to heavy metal ions
To examine the tolerance of SRB to metal ions, the SRB were cultivated in the presence of various concentrations of . These results agreed well with that of the present study.
Metal ion adsorption to non-active SRB
The suppressive effects of metal ions on microorganisms are explained by the reason that metal ions combine with functional groups of cell components like enzymes, causing a denaturing of the components.
11) Considering this, the amounts of metal ions adsorbed on SRB cells are measured, and discussed in conjunction with the suppressive effect of metal ions on SRB growth. Figure 1 shows the adsorption isotherms of Cu 2þ , Zn 2þ , and Mn 2þ onto SRB. In comparison with Cu 2þ , the adsorbed amounts of Zn 2þ and Mn 2þ were smaller. Figure 2 shows Langmuir plots of the adsorption data, showing that the adsorption data can be fitted with the Langmuir equation for adsorption (eq. (1)).
where q represents the adsorption amount, q m the maximum Figure 3 shows the changes in Mn and sulfate concentrations, ORP, and pH with time in the experiments, and Fig. 4 shows the Mn removal ratio calculated from the data in Fig.  3(a) . The Mn and sulfate concentrations were constant in the early period, but decreased sharply from 48 to 72 hours. During this time, ORP decreased to À360 $ À440 mV, and a pink precipitate formed in the solution. The XRF analysis shows that the pink precipitate consists of Mn and S, and that the molar ratio of Mn to S is close to 1:1 (Table 3) , and Fig. 5 shows the XRD patterns of the precipitate, which agree with those of metastable -MnS (JCPDS: 40-1289).
The decrease in the sulfate concentration and ORP (Figs.  3(b) and (c)) would result from sulfate reduction by SRB. The overall process of the microbial sulfate reduction can be represented by the following equation:
The generated H 2 S would bind with Mn 2þ as shown in eq. (3), and the Mn 2þ concentration was decreased by this reaction (Fig. 3(a) ).
When initial concentrations of Mn 2þ were 100 and 200 gÁm À3 , more than 95% of the Mn was removed (Fig. 4) , and the remaining Mn 2þ concentration was less than 10 gÁm À3 , MCL of environmental water quality in Japan. With 300 and 600 gÁm À3 of Mn 2þ added, substantial amounts of Mn 2þ remained in the solution (Fig. 3(a) and Fig. 4 ). Figure 6 shows the mole amount of Mn and sulfate removed from the solutions when the experiments in Fig. 3 (Fig. 4) , the results indicate that the amounts of H 2 S formed in the system with initial Mn 2þ concentrations of 100 and 200 gÁm À3 were larger than that required for precipitating MnS. With initial Mn 2þ concentrations of 300 and 600 gÁm À3 , Mn 2þ remained in the solutions (Figs. 3 and 4) , indicating that here Mn 2þ cannot be completely removed even in the presence of H 2 S, and Mn 2þ and H 2 S coexist in the solution phase. Yoo et al. 24) calculated the removal ratio of Mn 2þ in the solution containing Mn 2þ and H 2 S, using the following equation. 
where M T.S. represents the total mole amount of H 2 S in a system, M MnS the mole amount of Mn removed as MnS, M T.Mn the total mole amount of Mn in the system, V aq (1 dm 3 ) and V g (0.257 dm 3 ) the volumes of solution and gas in the system, H H 2 S henry constant of H 2 S (8:67 Â 10 2 PaÁm 3 Á mol À1 ), T temperature (310 K), R gas constant (8.314 Fig. 7 is the suppression of the bacterial activity to generate H 2 S by the high concentrations of Mn. By assuming that there is no suppressive effect of Mn on SRB, i.e. the amounts of H 2 S generated are independent of the initial Mn concentration and are 10.5 molÁm À3 , the removal ratios of Mn were calculated (Fig. 8) . Even in this case, the removal ratio of Mn is not achieved to be 100% when the initial Mn concentration is 600 gÁm À3 . This indicates that it is impossible to remove Mn completely in the presence of the high concentrations of Mn even without the suppressive effect of Mn on SRB, and that more higher amount of SO 4 2À and lactate to generate H 2 S are required for removing completely Mn 2þ ions in high concentration.
As shown above, SRB are suppressed by Mn 2þ , but the suppressive effect of Mn 2þ on SRB is weaker than that of Cu 2þ , and SRB can generate H 2 S even in the presence of 600 gÁm À3 of Mn 2þ . The present study showed that the amount of lactate as electron donor in eq. (2) was not sufficient to generate the H 2 S required for removing 600 gÁm À3 of Mn 2þ . If the electron donor supply is sufficient, SRB can be applied to remove higher concentrations of Mn 2þ . 
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